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HIGHLIGHTS 


•  CoFe204  has  strong  catalytic  effect  on  MgH2  hydrogen  storage  based  on  its  strong  oxidative  activity. 

•  The  final  reaction  products  of  MgH2  and  CoFe204  are  the  ternary  combinations:  Co3Fe7,  MgO  and  Co. 

•  Co3Fe7,  MgO  and  Co  combination  has  a  great  catalytic  effect  on  MgH2  hydrogen  storage  performance. 

•  MgH2  hydriding-dehydriding  process  depends  on  the  methods  of  adding  Co3Fe7,  MgO  and  Co. 
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CoFe204  nanoparticles  are  added  to  magnesium  hydride  (MgH2)  by  high-energy  ball  milling  in  order  to 
improve  its  hydriding  properties.  The  hydrogen  storage  properties  and  catalytic  mechanism  are  inves¬ 
tigated  by  pressure-composition-temperature  (PCT),  differential  thermal  analysis  (DTA),  X-ray  diffraction 
(XRD),  field-emission  scanning  electron  microscopy  (FESEM)  and  transmission  electron  microscopy 
(TEM).  The  nonisothermal  desorption  results  show  that  the  onset  desorption  temperature  of  the 
MgH2  +  7  mol%  CoFe204  is  160  °C,  which  is  200  °C  lower  than  of  the  as-received  MgH2.  The  dehydro¬ 
genation  process  of  the  MgH2  doped  with  the  CoFe204  nanoparticles  includes  two  steps.  DTA  curves  and 
XRD  patterns  reveal  that  a  chemical  reaction  happens  between  MgH2  and  CoFe204,  forming  the  final 
products  of  the  ternary  combination,  corresponding  to  Co3Fe7,  MgO  and  Co.  The  onset  desorption 
temperature  of  the  ball-milled  MgH2  doped  with  Co3Fe7,  MgO  and  Co  is  about  260  °C,  approximately 
100  °C  lower  than  the  un-doped  MgH2,  demonstrating  that  the  ternary  combination  (Co3Fe7,  MgO,  and 
Co)  also  has  a  great  catalytic  effect  on  the  MgH2  hydrogen  storage  properties.  It  is  also  confirmed  that  the 
various  methods  of  adding  the  ternary  combination  have  different  effects  on  the  MgH2  hydriding— de- 
hydriding  process. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Magnesium  hydride  has  a  great  potential  as  one  of  the  prom¬ 
ising  hydrogen  storage  candidates  for  mobile  applications  due  to  its 
high  theoretical  hydrogen  storage  capacity  of  7.6  wt%  [1-4].  Be¬ 
sides,  the  Mg-based  hydrides  are  abundant  and  inexpensive  [5]. 
However,  the  high  desorption  temperature  (>400  °C)  and  poor 
dehydriding  kinetics  prevent  MgH2  practical  applications.  During 
the  past  few  decades,  extensive  efforts  have  been  devoted  to 
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decrease  the  onset  desorption  temperature  and  improve  the  MgH2 
dehydrogenation  kinetics.  Among  these  efforts,  catalyst  doping  by 
ball  milling  has  attracted  considerable  attention  to  improve  the 
MgH2  hydrogen  storage  properties.  To  date,  the  reported  catalysts 
include  transition  metals  [4,6-11  ],  transition  metal  oxides  12-18], 
transition  metal  halides  19-21  and  intermetallic  compounds 
[22,23].  Since  the  transition  metals  have  multiple  valence  states, 
the  corresponding  transition  metal  oxides  have  better  catalytic 
performance  with  MgH2  24],  such  as  Cr2C>3  and  Fe2C>3  [7,16].  Li  et  al. 
[25]  also  observed  the  superior  effect  of  Co203  nanopaticles  on 
promoting  the  dehydrogenation  properties  of  LiAlH4  and  Co203 
transformed  into  the  new  CoO  phase.  Recently  the  ternary  oxide 
has  been  a  hotspot  of  research  because  of  the  role  it  has  played  in 
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Fig.  1.  Thermal  desorption  curves  of  the  as-received  MgH2,  as-milled  MgH2  and  ball- 
milled  MgH2  doped  with  3  mol%,  5  mol%,  7  mol%  and  9  mol%  nanosized  CoFe204. 


improving  the  dehydrogenation  properties  of  hydrogen  storage 
materials.  Mandzhukova  [26]  reported  that  the  presence  of 
NiCo204  in  magnesium  composites  could  improve  considerably  the 
hydriding  kinetics  of  magnesium.  Meanwhile,  the  dehydrogenation 
performance  LiAlH4  catalyzed  by  NiFe204  [27]  and  CoFe204  [28] 
nanoparticles  have  been  substantially  advanced.  It  was  also 


reported  that  MnFe204  could  significantly  improve  MgF^  hydrogen 
storage  performance,  and  valence-changed  iron  ions  (Feo.8720)  play 
a  key  role  in  remarkably  advancing  MgH2  dehydriding  properties 
[29].  Therefore,  it  is  reasonable  to  believe  that  CoFe204  could  show 
great  catalytic  effect  and  advance  MgF^  hydrogen  storage 
performance. 

In  this  work,  CoFe204  nanoparticles  were  utilized  as  catalyst  to 
investigate  their  effects  on  the  hydrogen  storage  properties  of 
MgH2  prepared  by  the  high-energy  ball  milling,  and  the  catalytic 
mechanisms  were  also  analyzed. 

2.  Experimental  details 

MgH2  (99.5%  pure,  50  nm)  and  CoFe204  (>99%  pure,  40  nm) 
were  obtained  from  Sigma  Aldrich  Co.,  and  both  materials  were 
used  as-received  without  any  purification.  All  operations  were 
performed  in  the  glove  box  filled  with  a  high  purity  argon  atmo¬ 
sphere  in  order  to  avoid  oxidation  and  humidity.  The  MgH2  powder 
was  ball-milled  with  different  proportions  (3  mol%,  5  mol%,  7  mol%, 

9  mol%  and  20  mol%  of  the  total  substance  amount)  of  the  CoFe204 
nanoparticles.  Then  the  mixture  was  loaded  into  a  stainless  steel 
milling  vial  with  a  ball  to  powder  weight  ratio  of  20:1.  Subse¬ 
quently,  the  samples  were  ball-milled  for  30  min  by  using  a  high- 
energy  Spex  mill  (QM-3B)  at  the  rate  of  1200  rpm.  After  each 

10  min  of  the  ball  milling,  the  steel  vial  was  rested  for  5  min  to  cool 
it.  The  final  product  of  the  reaction  between  MgH2  and  20  mol% 
CoFe204  nanoparticles  is  directly  mixed  with  MgH2  by  the  ball 
milling,  and  the  amount  is  the  same  as  from  the  reaction  between 
MgH2  and  7  mol%  CoFe204  nanoparticles. 


Fig.  2.  SEM  images  of:  (a)  the  as-received  MgH2,  (b)  as-milled  MgH2,  ball-milled  MgH2  doped  with  (c)  3  mol%,  and  (d)  7  mol%  nanosized  CoFe204. 
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Fig.  3.  (a)  FESEM  image  of  ball-milled  MgH2  with  7  mol%  CoFe204  and  elemental  maps  of:  (b)  Co,  (c)  Fe  and  (d)  0. 


The  dehydrogenation  properties  of  the  as-received  MgH2  and 
doped  samples  were  measured  using  a  pressure-composition- 
temperature  (PCT)  apparatus  (Beijing  Nonferrous  Metal  Research 
Institute,  China).  This  apparatus  can  be  operated  up  to  10  MPa  and 
600  °C.  It  mainly  consists  of  a  pressure  transducer  and  a  reactor.  The 
reactor  has  two  parts,  the  heater  and  the  sample  vessel.  From  the 
magnitude  of  the  hydrogen  pressure  change,  one  can  calculate  the 
amount  of  the  absorbed  and  desorbed  hydrogen.  Typically,  0.3  g 
sample  was  loaded  into  the  vessel,  and  then  heated  up  to  500  °C  at 
a  6  °C  min-1  rate  under  vacuum.  Following  the  first  complete 
dehydrogenation,  the  samples  were  subjected  to  rehydrogenation 
under  6  MPa  hydrogen  pressure  at  350  °C.  In  order  to  further 
analyze  the  dehydrogenation  performance  of  the  MgH2  samples 


Fig.  4.  DTA  curves  of  ball-milled  MgH2  doped  with  7  mol%  CoFe204  within  the 
50-500  °C  temperature  range  at  a  heating  rate  of  5  °C  min-1. 


doped  with  CoFe204  nanoparticles,  the  differential  thermal  analysis 
(DTA)  with  WSC-DTA  was  conducted  to  investigate  the  thermal 
behavior  of  the  samples  with  an  argon  flow  rate  of  50  ml  min1  and 
a  heating  rate  of  10  °C  min-1,  from  50  °C  to  500  °C. 

The  morphology  and  microstructure  of  the  un-doped  and  doped 
samples  after  ball  milling  and  after  dehydrogenation  were  exam¬ 
ined  by  the  field-emission  scanning  electron  microscopy  (FESEM, 
ZEISS  ULTRA55,  Germany)  and  transmission  electron  microscopy 
(TEM).  The  samples  were  ultrasonically  dispersed  in  the  alcohol 


Fig.  5.  XRD  patterns  of:  (a)  as-received  MgH2,  (b)  as-milled  MgH2,  (c)  ball-milled  MgH2 
doped  with  3  mol%  COFe204  and  (d)  ball-milled  MgH2  doped  with  7  mol%  CoFe204 
samples. 
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Fig.  6.  XRD  patterns  of:  (a)  as-milled  MgH2,  (b)  ball-milled  MgH2  doped  with  3  mol% 
CoFe204  and  (c)  ball-milled  MgH2  doped  with  7  mol%  CoFe204  after  dehydrogenation. 

solution.  A  drop  of  the  suspension  was  placed  on  a  3  mm  Cu  grid 
before  being  loaded  into  the  chamber  of  the  Tecnai  G2  F30  S-TWIN 
TEM.  The  microscope  was  operated  in  the  bright  field  mode  with 
300  kV  accelerating  voltage  to  obtain  the  sample  microstructure 
and  catalyst  distribution  around  the  MgH2  matrix.  During  the  TEM 
observations,  the  elemental  composition  of  the  tested  sample  was 
obtained  by  the  energy  dispersive  X-ray  spectroscopy  (EDX).  The 
phase  structure  of  the  as-prepared  sample  was  determined  by  us¬ 
ing  the  MXP21VAHF  X-ray  diffractometer  (XRD  with  CuKa  radia¬ 
tion,  40  kV,  200  mA)  at  room  temperature.  The  20  angle  was  varied 
from  10°  to  90°  with  a  scan  rate  of  0.02°  per  second. 

3.  Results  and  discussion 

3.2.  Dehydrogenation  temperature 

The  initial  desorption  temperature  is  determined  by  tangent 
method,  and  the  temperature  at  where  the  differential  coefficient 


20  (degrees) 

Fig.  8.  XRD  patterns  of  the  ball-milled  MgH2  doped  with  7  mol%  CoFe204  after 
rehydrogenation. 


suddenly  changes  could  be  considered  as  the  onset  temperature  for 
H2  desorption.  Fig.  1  shows  the  non-isothermal  desorption  curves 
of  the  as-received  MgH2,  as-milled  MgH2,  and  MgH2  doped  with 
3  mol%,  5  mol%,  7  mol%  and  9  mol%  CoFe204  nanopowders.lt  is 
obvious  that  adding  CoFe204  nanoparticles  dramatically  improves 
the  MgH2  dehydriding  properties.  The  as-received  MgH2  starts  to 
release  hydrogen  at  around  440  °C  and  desorbs  about  7  wt% 
hydrogen,  and  the  initial  dehydrogenation  temperature  of  the  as- 
milled  MgH2  is  360  °C,  which  is  by  80  °C  lower,  compared  with 
the  as-received  MgH2. 

CoFe204  nanoparticles  significantly  reduce  the  MgH2  desorption 
temperature,  compared  with  the  un-doped  sample.  The  dehydro¬ 
genation  process  of  MgH2  doped  with  3  mol%  CoFe204  initiates  at 
about  200  °C.  For  the  5  mol%  CoFe204  doped  sample,  the  dehy¬ 
drogenation  process  proceeds  at  180  °C.  Further  increase  of  the 
additive  amount  to  7  mol%,  causes  the  doped  sample  to  desorb  at 
160  °C.  With  the  CoFe204  amount  increasing  to  9  mol%,  the  onset 
dehydriding  temperature  declines  to  150  °C,  which  demonstrates 
the  CoFe204  contribution  for  improving  the  MgH2  dehydrogenation 
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Fig.  7.  XRD  patterns  of  ball-milled  MgH2  doped  with  20  mol%  CoFe204  after 
dehydrogenation. 


Fig.  9.  Dehydrogenation  and  the  second  dehydrogenation  curves  of  the  ball-milled 
MgH2  doped  with  7  mol%  nanosized  CoFe204  and  the  same  amount  of  the  ternary 
combination  (Co3Fe7,  MgO  and  Co)  as  from  the  reaction  between  MgH2  and  7  mol% 
CoFe204  nanoparticles. 
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onset  temperature.  Compared  with  the  as-milled  MgH2,  the  3  mol%, 
5  mol%,  7  mol%  and  9  mol%  doped  samples  cause  about  160  °C, 
180  °C,  200  °C  and  210  °C  reduction  in  the  onset  dehydrogenation 
temperature,  respectively.  During  the  desorption  process,  the  3  mol 
%  CoFe204  doped  sample  desorbs  6.59  wt%  hydrogen,  while  6.46  wt 
%,  6.32  wt%  and  6.11  wt%  hydrogen  are  released  from  the  5  mol%, 
7  mol%  and  9  mol%  CoFe204  doped  samples,  respectively. 

The  9  mol%  CoFe204  doped  sample  has  the  lowest  onset  dehy¬ 
drogenation  temperature.  However,  the  desorption  capacity  of  the 
9  mol%  doped  sample  also  decreases,  and  the  effect  on  hydrogen 
storage  performance  of  the  MgH2  is  very  similar  to  that  of  the  7  mol 
%  doped  sample.  Thus,  the  amount  of  additive  should  be  as  little  as 
possible.  Therefore,  through  comprehensively  considering  the 
above  analyses,  the  MgH2  +  7  mol%  CoFe204  sample  exhibited 
optimal  dehydrogenation  performances,  including  the  onset 
dehydrogenation  temperature  and  the  released  hydrogen  capacity. 
Thus,  7  mol%  CoFe204  nanoparticles  were  used  to  analyze  the 
catalytic  effect  and  the  mechanism  of  CoFe204  in  the  following 
tests. 

3.2.  Dehydrogenation  mechanism 

Fig.  2  shows  the  microstructures  of  the  as-received  MgH2,  as- 
milled  MgH2,  ball-milled  MgH2  doped  with  3  mol%,  and  7  mol% 
nanosized  CoFe204  observed  by  the  scanning  electron  microscopy 
(SEM).  The  mean  particle  size  of  as-received  MgH2  is  between 


30  pm  and  50  pm.  However,  the  particle  size  of  the  as-milled  MgH2 
is  between  1  pm  and  4  pm  and  many  small  particles  agglomerate  to 
some  extent,  as  seen  in  Fig.  2(b),  which  harms  the  kinetics  of  the 
MgH2  matrix  [30  . 

After  doping  with  3  mol%  CoFe204  nanoparticles,  the  original 
particle  size  of  MgH2  is  significantly  reduced,  ranging  from  400  nm 
to  1  pm,  as  seen  in  Fig.  2(c).  At  the  same  time,  the  doped  samples 
don't  exhibit  small  particle  agglomeration  anymore.  This  is  one  of 
the  reasons  for  adding  CoFe2C>4  nanoparticles,  which  dramatically 
improves  the  MgH2  kinetics.  By  further  increasing  the  additive 
amount  to  7  mol%,  the  particle  size  is  reduced  more  remarkably, 
ranging  from  200  nm  to  400  nm.  To  get  the  distribution  of  the  el¬ 
ements  in  the  CoFe204  doped-MgH2  sample,  the  EDS  mapping  of 
the  ball-milled  MgH2  doped  with  7  mol%  CoFe204  is  carried  out, 
shown  in  Fig.  3.  The  distribution  of  all  constitutive  elements  after 
ball  milling  is  homogeneous.  This  means  that  the  catalysts  are  well 
mixed  with  MgH2  after  ball  milling,  resulting  in  a  high  surface 
defect  density  and  more  grain  boundaries. 

As  seen  in  Fig.  1,  the  doped  samples  exhibit  similar  decompo¬ 
sition  processes,  which  include  two  dehydrogenation  steps.  To 
further  investigate  this  phenomenon  and  reaction  mechanism 
between  CoFe204  and  MgH2,  the  differential  thermal  analysis 
(DTA)  was  performed.  Fig.  4  shows  the  DTA  curves  of  the  as-milled 
MgH2  doped  with  7  mol%  CoFe204  within  the  50-500  °C  tem¬ 
perature  range  at  a  heating  rate  of  5  °C  min-1.  As  seen  in  Fig.  4,  it  is 
obvious  that  there  are  three  distinctive  peaks.  The  last  two 


Fig.  10.  (a)  TEM  morphology  and  (b)  HRTEM  boundaries  micrographs  of  black  and  bright  regions,  EDX:  (c)  black  region,  (d)  bright  region  results  of  MgH2  with  7  mol%  CoFe204  after 
ball  milling. 
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endothermic  peaks  appear  at  about  311  °C  and  331  °C,  correspond 
to  MgH2  (y-MgH2,  p-MgFh)  desorption  [31,32  ,  respectively.  The 
311  °C  peak  is  attributed  to  the  decomposition  of  y-MgH2,  which  is 
mainly  transformed  from  p-MgH2  during  the  ball  milling  pro¬ 
cessing,  and  the  higher  temperature  peak  is  attributed  to  the 
desorption  from  the  remnant  p-MgH2.  However,  the  first  endo¬ 
thermic  peak  at  189  °C  may  be  related  to  the  reaction  between 
CoFe204  and  MgH2. 

In  order  to  confirm  the  reaction  of  the  first  endothermic  peak, 
the  phase  compositions  of  the  as-prepared  samples  are  determined 
by  XRD.  Fig.  5  presents  XRD  patterns  of  the  as-received  MgH2,  as- 
milled  MgH2,  ball-milled  MgH2  doped  with  3  mol%  CoFe204  and 
ball-milled  MgH2  doped  with  7  mol%  CoFe204  samples.  For  the  as- 
received  MgH2  sample,  almost  all  diffraction  peaks  correspond  to 
the  p-MgH2  phase,  except  a  few  reflections  corresponding  to  Mg. 
However,  for  the  as-milled  MgH2  sample,  the  XRD  pattern  has 
broad  diffraction  peaks,  indicating  grain  refinement  due  to  the 
high-energy  ball  milling,  which  usually  occurs  when  crystals  are 
refined  by  the  mechanical  milling  processes  [16  .  The  most  intense 
diffraction  peak  is  also  identified  as  (3-MgH2,  however,  a  new  y- 
MgH2  phase  is  also  observed  [19  .  The  peak  intensities  of  the 
CoFe204  phase  increase  with  increasing  of  the  amount  of  the 
CoFe204  nanoparticles,  while  the  peak  intensities  of  the  MgH2 
phase  decline,  indicating  that  no  reaction  between  MgH2  and 
CoFe204  occurs  during  the  ball  milling  process. 


XRD  patterns  of  the  as-milled  MgH2  as  well  as  the  3  mol%  and 
7  mol%  CoFe204  doped  samples  after  dehydrogenation  are  shown  in 
Fig.  6.  For  the  as-milled  MgH2,  it  can  be  seen  that  the  sample  only 
has  the  Mg  phase,  except  for  minor  MgO  reflections,  which  are 
probably  due  to  oxygen  contamination  during  the  sample  prepa¬ 
ration  after  dehydrogenation.  For  the  3  mol%  CoFe204  doped  sam¬ 
ples,  Mg,  CosFey  and  MgO  are  found,  and  diffraction  peaks  of  the 
MgO  and  Co3Fe7  phases  gradually  enhance,  with  increasing  the 
CoFe204  amount  to  7  mol%,  indicating  that  MgH2  reacts  with 
CoFe204  during  the  heating  process.  A  similar  decomposition  re¬ 
action  occurs  between  CoFe204  and  H2,  where  CoFe204  will  reduce 
to  Co3Fe7  and  Co  [33  .  Thus,  it  is  reasonable  to  believe  that  the  Co 
element  is  also  one  of  the  products  from  the  reaction  between 
MgH2  and  CoFe204.  Since  Cu  radiation  is  used  in  the  XRD  mea¬ 
surements,  the  XRD  measurement  is  not  useful  for  the  Co  element 
in  composites  because  of  the  Cu  Ka  radiation  [34].  The  whole 
dehydrogenation  process  may  be  written  as: 

28MgH2  +  7CoFe204  =  28MgO  +  28H2  +  2Co3Fe7  +  Co 

In  order  to  demonstrate  the  above  process,  MgH2  is  mixed  with 
20  mol%  CoFe204  nanoparticles  by  ball  milling,  then  heated  up  to 
500  °C  to  make  sure  that  MgH2  and  CoFe204  fully  react.  The  final 
products  are  shown  in  Fig.  7.  As  seen  in  Fig.  7,  Co3Fe7  and  MgO 
phases  still  exist,  while  Mg  disappears.  This  phenomenon  proves 


Fig.  11.  (a)  TEM  morphology  and  (b)  HRTEM  boundaries  micrographs  of  the  black  and  bright  regions,  EDX:  (c)  black  region,  (d)  bright  region  results  of  the  ball-milled  MgH2  with 
7  mol%  CoFe204  after  the  second  dehydrogenation. 
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that  when  the  ratio  of  moles  in  the  MgH2  and  CoFe204  phases  is  4: 1, 
the  chemical  reaction  between  MgH2  and  CoFe204  will  be  carried 
out  adequately.  This  is  sufficient  to  prove  that  MgF^  can  react  with 
CoFe204  at  about  189  °C. 

Following  the  first  complete  dehydrogenation,  the  samples 
were  subjected  to  rehydrogenation  under  6  MPa  hydrogen  pressure 
at  350  °C.  Fig.  8  shows  the  XRD  patterns  of  the  ball-milled  MgH2 
doped  with  7  mol%  CoFe204  after  rehydrogenation.  Compared  with 
the  mixed  sample  after  the  dehydrogenation,  Co3Fe7  and  MgO 
phases  do  not  change,  while  Mg  is  transformed  into  MgF^,  indi¬ 
cating  that  the  ternary  combination  (Co3Fe7,  MgO  and  Co)  is  very 
stabile.  Therefore,  CoFe204  nanoparticles  play  a  role  just  in  the  first 
MgH2  dehydrogenation.  In  the  next  hydriding-dehydriding  cycles, 
Co3Fe7,  MgO  and  Co  are  the  main  phases  that  affect  hydrogen 
storage  properties  of  MgH2. 

For  the  sake  of  testing  whether  ternary  combination  (Co3Fe7, 
MgO  and  Co)  plays  a  catalytic  role  in  hydrogen  desorption  of  MgF^, 
the  ternary  combination  (Co3Fe7,  MgO  and  Co)  is  added  into  the 
MgH2  matrix  by  two  different  methods:  (1)7  mol%  CoFe204  is 
added  into  the  MgH2  matrix  and  reacts  with  the  MgFl2,  and  the  final 
reaction  products  are  the  catalysts.  (2)  The  ternary  combination 
(Co3Fe7,  MgO  and  Co),  which  is  the  final  product  of  the  reaction 
between  MgF^  and  20  mol%  CoFe204  nanoparticles,  is  directly 
mixed  with  the  MgH2  by  the  ball  milling,  and  the  amount  is  the 
same  as  with  Co3Fe7,  MgO  and  Co  from  the  reaction  between  MgF^ 
and  7  mol%  CoFe204  nanoparticles. 


Following  the  rehydrogenation  under  6  MPa  hydrogen  pressure 
at  350  °C  after  the  first  complete  dehydrogenation,  the  second 
dehydrogenation  of  the  sample  is  carried  out.  Fig.  9  exhibits  the 
first  dehydrogenation  and  the  second  dehydrogenation  curves  of 
the  ball-milled  MgH2  doped  with  7  mol%  nanosized  CoFe204  and 
the  same  amount  of  the  ternary  combination  (Co3Fe7,  MgO  and  Co). 
There  are  obvious  three  phenomena:  (1)  The  initial  dehydrogena¬ 
tion  temperature  of  the  ball-milled  MgF^  doped  with  Co3Fe7,  MgO 
and  Co  is  at  about  260  °C,  much  lower  than  that  of  the  as-milled 
MgH2,  which  starts  to  release  hydrogen  at  around  360  °C,  indi¬ 
cating  that  the  combination  of  Co3Fe7,  MgO  and  Co  shows  great 
catalytic  effect  to  advance  MgH2  hydrogen  storage  performance.  (2) 
The  ball-milled  MgF^  doped  with  Co3Fe7,  MgO  and  Co  do  not 
exhibit  two  different  processes,  and  the  onset  desorption  temper¬ 
ature  is  approximately  100  °C  higher  than  that  of  the  ball-milled 
MgH2  doped  with  7  mol%  nanosized  CoFe204.  (3)  The  initial  tem¬ 
peratures  of  the  second  dehydrogenation  of  the  ball-milled  MgF^ 
doped  with  the  ternary  combination  (Co3Fe7,  MgO  and  Co)  are 
almost  the  same  as  the  first  dehydrogenation,  but  decline  by  60  °C, 
compared  with  that  of  the  ball-milled  MgFl2  doped  with  7  mol% 
CoFe204  at  the  second  dehydrogenation. 

The  reasons  of  the  first  phenomenon  may  be  that  the  ternary 
combination  (Co3Fe7,  MgO  and  Co)  has  a  great  catalytic  effect  on  the 
hydrogen  storage  of  MgF^.  Transition  metals  catalysts  play  an 
important  role  in  hydrogen  storage  properties  of  MgF^,  and  the 
most  suitable  transition  metals  catalysts  require  6-9  electrons 


Fig.  12.  (a)  TEM  morphology  and  (b)  HRTEM  boundaries  micrographs  of  the  black  and  bright  regions,  EDX:  (c)  black  region,  (d)  bright  region  results  of  the  ball-milled  MgH2  doped 
with  the  same  amount  of  the  ternary  combination  (Co3Fe7,  MgO  and  Co). 
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occupying  the  3d  orbit,  such  as  Fe,  Co,  Ni.  These  transition  metals 
easily  absorb  hydrogen  atoms  to  fill  the  3d  orbits  and  make  MgH2 
dynamically  unstable  [35].  Bobet  et  al.  [36]  also  reported  that  the 
hydrogen  storage  properties  of  Mg  were  significantly  improved 
after  doping  with  10  wt%  Co,  Ni  or  Fe  by  mechanical  alloying  in  H2 
(reactive  mechanical  grinding)  for  2  h.  Meanwhile,  Zhao  et  al.  [37] 
also  reported  that  the  CoFe/MgO  catalyst  has  more  advantages 
accelerating  the  process  of  CO  hydrogenation.  Therefore,  the 
mixture  of  CosFey,  MgO  and  Co  may  have  the  same  catalytic  effect 
on  the  MgH2  dehydrogenation. 

The  second  phenomenon  suggests  that  CoFe204  has  better  cat¬ 
alytic  effect  than  the  ternary  combination  (Co3Fe7,  MgO  and  Co)  on 
the  hydrogen  storage  of  MgF^.  CoFe204  has  strong  oxidative  ac¬ 
tivity,  while  MgH2  has  strong  reduction.  Thus,  MgF^  can  react  with 
CoFe204  at  a  relatively  low  temperature.  A  similar  phenomenon 
also  appears  when  some  other  oxide  catalysts  are  added  into  the 
MgH2  matrix.  For  example,  Nt^Os  [13  ,  Fe203  and  Co304  17]  cat¬ 
alysts,  which  all  have  strong  oxidative  activity,  exhibit  better  cat¬ 
alytic  performance.  However,  the  catalytic  performance  of  Al203 
[14]  and  Si02  [17],  which  have  relatively  weak  oxidation,  is  poor  for 
improving  hydrogen  storage  properties  of  MgH2.  This  point  be¬ 
comes  even  more  obvious  when  Fe303  and  Fe304  are  selected  as 
catalysts,  as  the  catalyst  effect  of  Fe203,  which  has  stronger  oxida¬ 
tive  activity  than  Fe304,  is  also  greater  than  Fe3C>4  [38  .  Thus,  it  is 
reasonable  to  believe  that  the  great  catalytic  performance  of 


CoFe204  is  determined  in  large  by  its  strong  oxidative  activity. 
However,  in  the  next  hydriding-dehydriding  process,  CoFe204 
cannot  be  kept  stable  and  will  decompose  into  other  substances. 
This  characteristic  limits  the  CoFe204  catalysts  practical 
applications. 

CoFe204  nanoparticles  play  a  role  only  during  the  first  time  of 
the  MgH2  dehydrogenation.  In  the  second  dehydrogenation,  Co3Fe7, 
MgO  and  Co  are  also  the  main  phases  that  affect  hydrogen  storage 
properties  of  MgH2  doped  with  CoFe204,  so  the  third  phenomenon 
indicates  that  different  methods  of  adding  the  catalysts  have 
different  effects  on  the  MgH2  hydriding-dehydriding  processes. 
The  morphology  and  microstructure  of  the  mixed  samples  pre¬ 
pared  by  different  doping  methods  were  examined  by  transmission 
electron  microscopy  and  the  elemental  composition  of  the  tested 
sample  was  obtained  by  the  energy  dispersive  X-ray  spectroscopy. 
Figs.  10(a)-13(a)  exhibit  the  distribution  of  the  catalyst  in  the  MgH2 
matrix.  For  the  black  region,  Mg,  O,  Fe,  Co  and  Cu  elements  are 
observed  (shown  in  Figs.  10(c)— 13(c)),  and  for  the  bright  region, 
Mg,  Cu  and  O  elements  are  detected  (shown  in  Figs.  10(d)-13(d)). 
Cu  element  comes  from  the  3  mm  Cu  grid,  which  is  used  as  a  carrier, 
and  oxygen  element  in  the  bright  region  may  be  due  to  the  sample 
contamination  during  preparation.  These  results  indicate  that  the 
large  bright  particle  is  MgH2,  and  the  black  particle  is  the  catalyst. 
According  to  the  previous  analysis,  the  black  regions  in  Fig.  10(c) 
correspond  to  CoFe204  (Mg  element  is  originated  from  the  matrix). 


Fig.  13.  (a)  TEM  morphology  and  (b)  HRTEM  boundaries  micrographs  of  the  black  and  bright  regions,  EDX  (c)  black  region,  (d)  bright  region  results  of  the  ball-milled  MgH2  doped 
with  the  same  amount  of  the  ternary  combination  (Co3Fe7,  MgO  and  Co)  after  the  second  dehydrogenation. 
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What's  depicted  in  Figs.  11(c)— 13(c)  should  be  the  ternary  combi¬ 
nation  (Co3Fe7,  MgO  and  Co). 

From  Figs.  10  and  13,  one  can  find  that  when  the  CoFe204,  or  the 
ternary  combination  (Co3Fe7,  MgO  and  Co)  is  added  in  the  MgH2 
matrix  by  the  ball  milling,  they  are  uniformly  distributed  among 
the  MgH2  particles.  To  further  reveal  the  combination  mode  of  the 
catalysts  with  MgH2,  HRTEM  is  performed  and  the  results  are 
shown  in  Figs.  10(b)  and  13(b).  It  is  clearly  seen  that  the  CoFe204  or 
the  ternary  combination  (Co3Fe7,  MgO  and  Co)  is  inlaid  into  the 
MgH2  matrix,  and  the  boundaries  appear  as  large  number  of  de¬ 
fects,  which  will  be  the  paths  for  hydrogen  diffusion.  Meanwhile, 
these  defects  provide  the  place  for  nucleation  during  the  hydri- 
ding-dehydriding  processes. 

Comparing  Figs.  10(b)  and  11(b),  the  border  regions  of  the  ball- 
milled  MgH2  doped  with  7  mol%  nanosized  CoFe204  fuse  toward 
integration,  and  the  defect  density  is  significantly  reduced  after  the 
second  dehydrogenation.  Perhaps  the  reason  is  that  the  atoms  pad 
into  the  boundaries  and  the  defects  by  diffusion  during  the 
chemical  reaction  between  MgH2  and  CoFe204.  However,  there  is 
no  change  of  the  border  regions  and  the  defect  density  of  the  ball- 
milled  MgH2  doped  with  the  ternary  combination  (Co3Fe7,  MgO  and 
Co)  after  the  two  dehydrogenation  cycles,  shown  in  Figs.  12(b)  and 
13(b),  explaining  that  the  initial  temperatures  of  the  first  dehy¬ 
drogenation  and  the  second  dehydrogenation  of  the  ball-milled 
MgH2  doped  with  the  ternary  combination  (Co3Fe7,  MgO  and  Co) 
are  almost  the  same,  but  decline  by  60  °C,  compared  with  the  ball- 
milled  MgH2  doped  with  7  mol%  CoFe204  at  the  second 
dehydrogenation. 

From  the  above  analyses,  the  CoFe204  role  during  the  whole 
dehydrogenation  process  of  MgH2  can  be  demonstrated.  CoFe204 
reacts  with  MgH2  matrix  during  the  dehydrogenation  process  to 
form  the  ternary  combination  (Co3Fe7,  MgO  and  Co),  and  the  newly 
formed  ternary  combination  also  acts  as  a  catalyst  to  facilitate  the 
MgH2  decomposition. 

4.  Conclusions 

The  hydrogen  storage  properties  of  MgH2  are  dramatically 
enhanced  by  doping  CoFe204  nanoparticles.  The  nonisothermal 
desorption  results  show  that  the  onset  desorption  temperature  of 
MgH2  +  7  mol%  CoFe204  is  160  °C,  200  °C  lower  than  the  as-milled 
MgH2.  DTA  curves  reveal  that  MgH2  can  react  with  CoFe204  at  a 
relatively  low  temperature,  manifesting  that  CoFe2C>4  has  high 
catalytic  effect  on  the  hydrogen  storage  of  MgH2,  based  on  its 
strong  oxidative  activity.  XRD  patterns  show  that  the  final  reaction 
products  of  MgH2  and  CoFe204  are  the  ternary  combinations 
(Co3Fe7,  MgO  and  Co)  with  high  chemical  stability,  indicating  that 
CoFe204  nanoparticles  only  play  a  role  during  the  first  MgH2 
dehydrogenation.  In  the  next  hydriding-dehydriding  cycles, 
Co3Fe7,  MgO  and  Co  are  the  main  phases  that  affect  hydrogen 
storage  properties  of  MgH2.  The  initial  dehydrogenation  tempera¬ 
ture  of  the  ball-milled  MgH2  doped  with  Co3Fe7,  MgO  and  Co  is 
about  260  °C,  much  lower  than  the  as-milled  MgH2,  which  starts  to 
release  hydrogen  at  around  360  °C,  manifesting  that  the  combi¬ 
nation  of  Co3Fe7,  MgO  and  Co  significantly  advances  the  MgH2 
hydrogen  storage  performance.  The  initial  temperature  of  the  sec¬ 
ond  dehydrogenation  of  the  ball-milled  MgH2  doped  with  the 
ternary  combination  (Co3Fe7,  MgO  and  Co)  is  almost  the  same  the 
first  dehydrogenation,  but  declined  by  60  °C  compared  with  the 
ball-milled  MgH2  doped  with  7  mol%  CoFe204  at  the  second 
dehydrogenation.  The  reasons  are  fusing  of  the  border  regions  of 
the  ball-milled  MgH2  doped  with  7  mol%  nanosized  CoFe204  and 
the  defect  density  significant  reduction  because  of  the  atoms 
padding  into  the  boundaries  and  the  defects  by  diffusion  during  the 


chemical  reaction  between  MgH2  and  CoFe204.  However,  there  is 
no  change  of  the  border  regions  and  the  defect  density  of  the  ball- 
milled  MgH2  doped  with  the  ternary  combination  (Co3Fe7,  MgO  and 
Co)  after  the  two  dehydrogenation  cycles. 
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